Background: Spontaneous preterm birth is the leading cause of neonatal morbidity and mortality worldwide. The ability to examine the exact mechanisms underlying this syndrome in humans is limited. Therefore, the study of animal models is critical to unraveling the key physiologic mechanisms that control the timing of birth. The purpose of this review is to facilitate enhanced assimilation of the literature on animal models of preterm birth by a broad range of investigators. Methods: Using classical systematic and informatics search techniques of the available literature through 2012, a database of intact animal models was generated. Research librarians generated a list of articles using multiple databases. From these articles, a comprehensive list of Medical Subject Headings (MeSH) was created. Using mathematical modeling, significant MeSH descriptors were determined, and a MEDLINE search algorithm was created. The articles were reviewed for mechanism of labor induction categorized by species. Results: Existing animal models of preterm birth comprise specific interventions to induce preterm birth, as no animal model was identified that exhibits natural spontaneous preterm birth at an incidence comparable to that of the humans. A search algorithm was developed which when used results in a comprehensive list of agents used to induce preterm delivery in a host of animal species. The evolution of 3 specific animal models-sheep, mice, and rats-has demonstrated a clear shift in focus in the literature from endocrine to inflammatory agents of preterm birth induction. Conclusion: The process of developing a search algorithm to provide efficient access to information on animal models of preterm birth illustrates the need for a more precise organization of the literature to allow the investigator to focus on distinctly maternal versus fetal outcomes.
Introduction
Preterm birth is generally defined as a birth occurring at less than 37 weeks of gestation. 1 The estimated worldwide incidence of preterm birth is approximately 12.9 million and is 9.6% of all births. The highest recorded rates of preterm birth are concentrated in Africa and North America. 2, 3 Using the most recent 2012 statistics, the incidence of preterm delivery remains 11.54% of all births in the United States. 4 Despite advances in public health and medical interventions, including the use of progesterone for the prevention of preterm birth, only a modest decline in the preterm birth rate has been realized in recent years. 5 Preterm birth is the major cause of neonatal morbidity and mortality. Most of this morbidity occurs in the 2% of newborns delivered before 32 weeks gestation and newborns with a very low birth weight (less than 1500 g). The most profound impairments of this group in early childhood include cerebral palsy, mental retardation, sensory impairments, and chronic lung disease. In later childhood, high rates of dysfunction in cognitive development, visual processing, academic progress, and executive function occur in preterm survivors. 6 An increasing body of evidence suggests that preterm neonatal neurologic injury may be associated with in utero infection and inflammation, which may constitute up to 40% of spontaneous preterm births. 7 Developing a better understanding of preterm birth pathophysiology may not only prolong gestation but may also lead to improved neonatal outcomes.
Experimental research in preterm birth is difficult to perform in humans and, therefore, the use of animal models is necessary to test hypotheses developed from clinical observational studies. As with most disease/physiologic processes in which animal models are used for research, one specific animal model is insufficient to completely replicate the physiology of human parturition. In terms of preterm birth, variations in animal physiology, response to different labor induction methods, and fetal physiology and maturation all play a role in determining model validity. 8 The limitations of human studies to establish disease causality and of in vivo animal models to replicate human physiology support the use of animal models in an iterative manner. In this process, animal experimentation refines hypotheses to be tested in humans leading to further questions and more productive animal experimentation. In addition to the critical value or emphasis of replace, reduce, and refine, an integral part of this approach is the systematic definition of pathways and molecular mechanisms involved in the physiology of parturition, defined within an expandable, modifiable database. Informatics approaches have an important role in the critical step of integrating of human ''-omics'' data regarding preterm birth with the data derived from animal models. 9 Systemic reviews of animal models for preterm birth research have been performed. [10] [11] [12] [13] These reviews focus on specific animal models and the distinctive properties and molecular pathways that are able to be examined with a chosen model. To date, no common resource exists that provides a complete listing of animal models used to research preterm birth. Additionally, a common search algorithm to aid in the identification of currently used animal models for preterm birth is lacking. The purpose of this study was to generate a comprehensive, updatable database of preterm birth animal models. MEDLINE, maintained by the US National Library of Medicine, is one of the most common bibliographic databases that biomedical researchers use to access peer-reviewed publications. MEDLINE is indexed using the Medical Subject Headings (MeSH) vocabulary. The 2013 edition of MeSH consists of 26 853 subject headings. 14 In this study, we developed a systematic process that leveraged MeSH for identifying MEDLINE-indexed citations that are associated with animal models of preterm birth. The result was a process that enables continuous review of literature associated with preterm birth model organisms and offer suggestions that could be used to further improve the identification of literature associated with preterm birth model organisms.
Materials and Methods
The goal of this study was to generate a searchable database for animal models of spontaneous preterm birth based on MEDLINE-indexed literature up to January 2012. The search algorithm was created based on information derived from a preliminary search for animal models of preterm birth that was compiled by research librarians from the Royal (Dick) School of Veterinary Studies, University of Edinburgh. For this preliminary search, the following databases were examined without language restriction on March 1, 2010: CAB Abstracts (1910-3/2010); Global Health (1973-3/2010); MEDLINE (1950 to February Week 3 2010); EMBASE (1980-week 8 2010); Web of Science (1900-3/2010); and BIOSIS Previews (1926-3/2010) and AGRICOLA (1970-3/2010). The following search descriptors were included alone or in combination with others: prematurity, short gestation, preterm, premature rupture and membranes, premature (obstetric) labor, premature parturition, low birth weight, chorioamnionitis, infants, sheep(s)/ ovine, cow(s)/bovine, horse(s)/equine, dog(s)/canine, cat(s)/ feline, mouse (mice), rat(s), guinea pig(s), marsupials, rabbits, animal models, biological models, and disease models. Initially, 5493 articles were identified using this search, and after duplicate articles were removed, the resulting 5274 abstracts were reviewed by at least one of the authors. One thousand and ten articles remained after articles were excluded because they were unrelated to preterm birth, exclusively about humans, review articles, not involving whole animals, or focused only on fetal management, physiology, or outcomes ( Figure 1 ). A list of the articles are available in Supplement 1.
A secondary analysis to evaluate the quality and precision of the 1010 articles was performed. Fifty-one articles were randomly selected and appraised. A data extraction form that was piloted during the multiple database searches was used to ensure accuracy and consistency of data extraction. The following data were extracted from each article included in this study: species, mode of prematurity, and fetal status. Twentysix (51%) articles described a whole animal model with a clearly defined method of preterm labor induction focused on maternal outcomes. The remainder of this sample was either not related to preterm birth (n ¼ 16, 31%), focused on fetal outcomes (n ¼ 6, 12%), or had no abstract available (n ¼ 3, 6%) at the time of the review.
MEDLINE is an indexed bibliographic database for biomedical research. Using information gathered from the abovementioned preliminary search, we developed an automated strategy that focused on maternal preterm birth induction, while eliminating articles representing in vitro experiments and those focusing on fetal outcomes. It was determined that 750 of the above-mentioned 1010 articles appeared in the MEDLINE database. A computer script written in the Ruby language was used to retrieve all of the MeSH descriptors for the 750 articles, leveraging the National Center for Biotechnology Information e-utilities. 15 The frequency of unique descriptors associated with the 750-article set was then calculated. Since the data were significantly skewed, a Box-Cox transformation with a l ¼ À1 was used to normally distribute the data. The descriptors comprising the top 2.5% of frequencies were considered to be significantly associated with preterm birth induction. Significant MeSH descriptors are listed in Figure 2 .
Based on information contained in the MeSH scope note or on empirical assessment of associated MEDLINE entries, MeSH descriptors were included or excluded to create a final search algorithm. The anatomical MeSH descriptors ''Uterus,'' ''Myometrium,'' and ''Amniotic Fluid'' were excluded because they were too broad. The scope of the ''Premature Birth'' MeSH descriptor emphasized fetal physiology and outcomes. The MeSH descriptors ''Parturition'' and ''Pregnancy Outcome'' were not specific to preterm labor induction and increased the rate of false-positive journal articles. The MeSH descriptor ''Disease Models, Animal'' was not found to be representative of many articles and did not always include intact animal models and was therefore excluded. The final algorithm (Appendix A) included the union of ''Obstetric Labor, Premature,'' ''Labor, Obstetric,'' ''Labor, Induced,'' and ''Chorioamnionitis'' with the intersection of ''Animals'' and ''Pregnancy.'' Additional exclusion descriptors were added to the search query to limit the number of articles using in vitro experiments and fetal outcomes. The final MEDLINE search retrieved 1370 original articles (performed on March 10, 2012). After duplicates were removed and records not related to animals were excluded, 1290 were screened for animal species (Supplement 2). The results of this process are displayed in Figure 3 . To evaluate the search algorithm, articles were reviewed by species and focused on the most common animal species currently used in biomedical research of preterm birth-mice, rats, and sheep. For all species evaluated, we generated a list of sentinel articles that introduced a new method of preterm labor induction within the animal species. This study used publically available databases and did not involve humans.
Results
After a previous search and generation of a search algorithm, 1370 articles were identified in MEDLINE. After 12 duplicate articles were removed and 68 articles excluded because they did not involve animals, 1290 articles were reviewed for specific animal species. The major animal species identified in the search algorithm were rats (352 citations), sheep (237), cattle (201), mice (150), swine (131), and primates (66; Figure 4 ). The summation of these citations is greater than 1290 because multiple animals may be included into one citation. Because the focus of this study was more on animals commonly used in the experimental laboratory as opposed to domesticated animals, a more detailed analysis and review of papers was limited to sheep, mice, and rats.
Reviewing the literature over time illustrates a change in which animal models have been used for the study of preterm birth ( Figure 5 ). Classically, sheep was the first animal used in the study of parturition, and its use has been consistent over time. The rat was used increasingly during the 1980s and 1990s but has been used less frequently over the last decade. Significant use of mice began in the 1990s and has become the predominant animal for the study of preterm birth.
Sheep
The animals' large size, length of gestation, and the development of specific surgical techniques, such as placement of catheters in the fetus during gestation, contributed to the successful use of this animal model. Of the 237 articles identified in the original search, 102 (43% of the articles) were included for qualitative review. A comprehensive list of induction agents can be found in Figure 6 . Sheep were one of the first animals used for identifying the mechanisms of parturition. It was through these experiments that the role of the fetal pituitaryadrenal axis was identified as an important part of parturition. Original research by Liggins 16, 17 confirmed that the use of cortisol or glucocorticoids could induce parturition in sheep.
Further research focused on the hormonal control of labor. Early studies suggested that a single injection of estradiol benzoate administered to ewes results in parturition within 48 hours. 18 Liggins and Grieves 19 first implicated that an increase in the prostaglandin F 2 a (PGF) in the utero-ovarian vein of sheep occurred at the time of parturition. Other studies suggested administration of PGF late in gestation can also induce parturition in sheep, although less efficiently than glucocorticoids. 20 Additionally, a continuous infusion of prostaglandin E 2 was found to shorten the length of gestation. 21 Finally, a reduction in progesterone late in gestation with an inhibitor of 3b-hydroxysteroid dehydrogenase activity induced delivery in 6 of 7 sheep. 22 As the study of preterm birth shifted from hormonal control to an inflammation etiology, attempts were made to create an inflammation and/or infectious-induced model in sheep. Lipopolysaccharide (LPS) from Salmonella 23 or Escherichia coli 24 have been used to induce preterm birth in this species. The route of administration is either a constant intravenous infusion or via intra-amniotic infusion. The majority of the excluded articles (n ¼ 85) pertained to preterm birth's effect on the fetus. 
Mice
The mouse is one of the most common animals used in biomedical research. It is relatively inexpensive compared to other species, tolerates surgery, and is genetically modifiable. 10 The mouse citations were the most specific for preterm birth (105 of 150, 70%; Figure 7 ). The majority of irrelevant articles were focused on tissue culture (n ¼ 21) and fetal effects (n ¼ 19). Research using mice for the study of preterm birth had been limited until the 1990s when inflammation and infection became more studied etiologies of preterm birth. Original research involving prostaglandins had a control group that delivered after injection with oxytocin. 25 As preterm birth became associated with infection and inflammation, the first group used recombinant interleukin 1 in toll-like receptor 4 mutants to induce preterm birth. 26 Since then, a number of different bacteria and bacterial antigens have been used to induce preterm birth in mice: LPS, 27 E coli, 28 lipoteichoic acid from gram-positive bacteria, 29 Chlamydia, 30 Fusobacterium, 31 Ureaplasma, 32 TLR2 and TLR3 ligands, 33 and gamma-D-glutamyl-meso-diaminopimelic acid. 34 Since systemic withdrawal of progesterone is essential to parturition in mice, the anti-progesterone RU486 has been used as the most common noninflammatory route for preterm birth induction in mice. 35 Other more novel routes of induced preterm birth in mice include alcohol, 36 PGF2a, 37 L-NAME, 38 SP-A, 39 neuromedin B, 40 and fetal fibronectin. 41 
Rats
Compared to mice, rats have not been consistently described as ideal models for inflammation-induced preterm birth. One laboratory implanted intrauterine catheters and infused LPS 42 directly. However, not all studies have reported premature delivery using infectious stimuli. 43 The reasons why rats are not as sensitive to these stimuli compared to other rodents are unclear. In the studies conducted on rats, 352 citations were identified and after a detailed review of abstract and articles, 102 (29%) were identified as papers related to preterm birth induction (Figure 8 ). The majority of the papers were related to tissue bath experiments (n ¼ 57), and effects on pregnant maternal physiology and postpartum breastfeeding toxicology (n ¼ 87), or had no abstract (n ¼ 76). Early work with rats focused on endocrine etiologies for induced preterm birth. One of the first uses of the rat model utilized PGF2a to cause a decline in serum progesterone levels, which lead to parturition. 44 Similar to other rodents, RU486 will act as a progesterone antagonist and lead to induced preterm birth in rats. 45 Also, estrogen stimulation with pregnant mare serum gonadotropin was able to stimulate prostaglandin production and lead to preterm birth. 46 Similarly, ovariectomy and estrogen stimulation 47 or estrogen stimulation alone 48 induced delivery in late pregnant rats. The rat model was also used to delineate a role for in parturition as ablation of the subfornical organ in the brain or the administration of relaxin antibodies leads to preterm birth. 49, 50 Finally, continuous intravenous infusion of oxytocin can induce delivery in late-pregnant rats. 51 
Uncommon Models
The search algorithm was able to detect less common animals of preterm birth (Figure 4) . A large variety of animal species were identified: guinea pigs (n ¼ 32), goats (n ¼ 20), hamster (n ¼ 15), marsupials (n ¼ 4), cats (n ¼ 7), lizards (n ¼ 5), deer (n ¼ 2), and opossum (n ¼ 1). Guinea pigs have a unique advantage compared to the previously discussed sheep and murine models in that parturition occurs without an apparent change in maternal progesterone. This is true for humans and primates as well. Guinea pigs also have a longer gestation compared to rats and mice. Similar to the animals discussed previously, guinea pigs more recently have been used to model intra-amniotic or chorioamnionitis as mechanism of induced preterm birth. One unique method of preterm birth induction was a type I hypersensitivity reaction using ovalbumin-sensitized guinea pigs. 52 For the other animals, the purpose of the research was not the prevention of spontaneous preterm birth. Many citations reviewed various methods of parturition induction in animals at term. In veterinary medicine, parturition is associated with the risk of infection and injury. This could immediately endanger the life of the dam or fetus or greatly affect the animal's future reproductive potential. Mechanisms to shorten the length of parturition or even shorten gestation without risk to the fetus are highly desired. The focus of these papers was endocrine and hormonal regulation of parturition, for example, in goats induction of parturition with anti-progestins, prostaglandin analogs (at term), and dexamethasone. Interestingly, in lizards exogenous progesterone and indomethacin can delay parturition, while arachidonic acid and prostaglandins can induction parturition. Most of these models are for historical purposes and are not typically used today. 
Discussion
The results of this study can serve as a systematic review of the literature for animal models of induced preterm birth based on an automated algorithm that may be useful for future similar reviews. Although multiple reviews are available in the current literature, these reviews tend to be either species specific or focus on precise methods of labor induction. [10] [11] [12] [13] Presently, a knowledge gap exists with regard to a comprehensive search tool for researchers investigating preterm birth within animal models. The relevant literature is distributed across MEDLINE citations and is not systematically categorized according to specific MeSH descriptors. In this review, an automated search algorithm was developed to leverage MEDLINE-indexed literature, which is one of the most commonly used digital resources for biomedical research. One of the advantages of using the MeSH-controlled vocabulary is that it reduces the variability of terminology used between authors in titles or abstracts. Another related advantage is that MeSH descriptors are applied to MEDLINE citations using a subject-expert mediated process. To underscore the value of the automated approach, the algorithm developed in this study was able to identify the sentinel articles that have impacted the field of premature birth specifically within the species of sheep, mice, and rats. This algorithm allows one to review the use of various animal models over time and the variation in induction methods across animal species. The results of this review also highlight the challenges in creating an effective search algorithm that can be used to robustly assist researchers to discover the plethora of labor induction models across multiple species. Even within species, depending on how the species is used in research, one can retrieve a large number of nonsignificant citations pertaining to maternal physiology or fetal prematurity complications. Some of these limitations may be caused by the lack of clearly identified keywords and the process used to classify articles. Using the results of this systemic review, recommendations are offered that may improve the ability to comprehensively search the literature.
The results of this study also point to the potential factors highlighting the evolution of animal models and the methods of preterm birth induction over time. Ultimately, the goal of this research is to determine the mechanisms that initiate labor, whether at term or earlier in gestation. The first historical sentinel article from Liggins 16 illustrated that exogenous administration of corticosteroids induces preterm birth in sheep. Later research illustrated that maturation of the hypothalamicpituitary axis may play a role in the initiation of labor. Throughout the 1970s and 1980s, research in whole animals models concentrated on endocrine etiologies of preterm birth initiation. In particular, the most common and successful mechanisms of preterm birth induction studied were with antiprogestational agents, epostane, and RU486 in sheep, mice, and rats, respectively. 22, 35, 45 With the introduction of the fetal inflammatory response syndrome as a mechanism of preterm birth, 26 researchers sought out new mechanisms of preterm birth induction. The most common agent was LPS. Interestingly, this method of preterm birth induction was most successful with mice, via intraperitoneal or intraamniotic administration. However, the use of LPS in sheep and rats has been limited and requires continuous infusions of LPS to induce labor successfully. The reasons for this species variation are unclear. Researchers in the last 2 decades have embraced an inflammatory mechanism to study preterm birth over endocrine changes, and this can be seen in increased use of the mouse model for the study of preterm birth. Increased enthusiasm for the mouse model may stem from their low cost and capacity for genetic modification.
Over the last 4 decades, parturition and preterm birth literature has evolved from a fetal induction of labor, to changes in estrogen and progesterone levels and signaling, to inflammation as the primary induction method of preterm birth research. Research in other risk factors or etiologies of preterm birth have been limited. Although the search algorithm developed in this study was successful in identifying animal models of preterm birth, it does have some limitations. Creating the final search algorithm involved striking a balance between sensitivity and precision, which are commonly used metrics for gauging the quality of information retrieval algorithms. 53 The relationship between recall and precision is dependent on many variables, and searches that are designed to maximize recall may tend to retrieve irrelevant citations and vice versa. 54 In other words, searches can be optimized, but no individual search may be a perfect representation of the knowledge embedded in the literature. Within the scope of this study, the precision and recall varied across the target species. Within the search algorithm, mice had the highest recall and precision, whereas the sheep and rat species had much lower recall and precision. This finding might be due to differences to how the respective animals have been historically used as compared to the focus of our search, which was to determine intact models of induced parturition. For example, it is only recently that sheep are used for inflammatory models of preterm birth, and rats have been used to generate tissue for in vitro experiments.
In order to assist investigators determine animal models of preterm birth induction, some recommendations can be made based on the findings of this study. First, authors should clearly define their work as an animal model with key words to help with literature search algorithms. This may help the National Library of Medicine indexers label the literature with the appropriate MeSH descriptors. To illustrate this point, the MeSH descriptor ''Disease models, animal'' was infrequently used to index those articles identified as relevant in this study. Second, this study revealed that the representation of preterm birth within the MeSH hierarchy is not unified under a single descriptor or within a single hierarchy. This is likely an artifact of the fact that the study of preterm birth generally falls into 2 major categories: (1) the prevention or treatment of maternal parturition (organized under the MeSH descriptor ''Parturition'' that is under the ''Reproductive and Urinary Physiological Phenomena'' MeSH descriptor hierarchy) or (2) the treatment of the complications to the newborn due to prematurity (organized under either the MeSH descriptor ''Infant, Premature'' that is under the ''Persons'' MeSH descriptor hierarchy). In the absence of a unifying MeSH descriptor, search algorithms must account for both sets of MeSH descriptors. Ultimately, the maturation of means to organize biomedical literature, such as developed in this study, may inspire the generation of preterm birth-specific queries akin to the Clinical Queries that are used to support evidence-based medicine queries. 55 As with many other disease processes being studied, information on animal models of preterm birth is limited to review articles that summarize the field at a single point of time. This article is the beginning of an automated framework for obtaining information on animal models of preterm birth for investigators. In addition, it is a framework for getting up-todate information to new investigators at the time of entry. As an example, a more recent search from 2012 to 2015 using the model generates 98 new citations illustrating that indeed articles could be identified moving forward (data not shown).
This framework could also be used to interrogate other data structures that utilize MESH headings, for example, GenBank, and could be a method of performing in silico analyses done to compare specific pathways in animals and humans that are relevant to human reproductive disease. A bioinformatic approach to the iterative study of animals and humans to understand disease is becoming of greater importance. For example, a recent article 56 questioned the applicability of mouse models in inflammation-related human diseases. Those with limited knowledge of the field might accept the conclusion of that paper and not probe the literature to find that a published reanalysis of the data refuted that conclusion. 57 We posit that the systematic on-line approach described herein will enhance the new investigator's functional access to the relevant literature.
Conclusion
Preterm birth remains the leading cause of neonatal and longterm physiologic and developmental complications. Animals models can led to new insight about parturition because studies in humans are not possible. This study presents the first automated approach for tracking animal model literature from within MEDLINE for studying preterm birth. The promising results of this study, which can be viewed as a review of the current literature on animal model organisms for preterm birth, may be used for supporting the research endeavors of current and future generations of researchers in pursuit of novel therapies for the treatment of preterm birth.
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